Abstract: A number of light-absorbing devices based on plasmonic materials have been reported, and their device efficiencies (or absorption) are high enough to be used in real-life applications. Many light-absorbing applications such as thermophotovoltaics and energy-harvesting and energy-sensing devices usually require high-temperature durability; unfortunately, noble metals used for plasmonics are vulnerable to heat. As an alternative, refractory plasmonics has been introduced using refractory metals such as tungsten (3422°C) and transition metal nitrides such as titanium nitride (2930°C). However, some of these materials are not easy to handle for device fabrications owing to their ultra-high melting point. Here, we propose a light absorber based on chromium (Cr), which is heat tolerant due to its high melting temperature (1907°C) and is compatible with fabrication using conventional semiconductor manufacturing processes. The fabricated device has >95% average absorption of visible light (500-800 nm) independent of polarization states. To verify its tolerance of heat, the absorber was also characterized after annealing at 600°C. Because of its compactness, broadband operational wavelength, and heat tolerance, this Cr perfect absorber will have applications in high-temperature photonic devices such as solar thermophotovoltaics.
Introduction
Optical metamaterials composed of deep subwavelength unit-cell arrays provide a new way to use carefully designed nanostructures to control light. Light-matter interaction at the nanoscale can dramatically improve or adjust the absorption, refraction, and propagation of light. Especially, ultra-thin photonic devices based on 2D optical metamaterials have been used to realize flat optical components [1] [2] [3] [4] [5] , optical cloaking devices [6] , and holograms [7] [8] [9] [10] . Perfect light-absorbing devices [11] [12] [13] [14] [15] have possible solar energy applications such as solar thermophotovoltaics (STPV).
Most of the metamaterial perfect absorbers are based on plasmonic materials such as gold (Au) [16] , silver (Ag) [17] , nickel [18] , and aluminum [19] . These materials are strongly lossy in visible wavelengths, and by adjusting their nanostructure geometries, their resonance wavelength can be tuned to maximize light absorption.
STPV often works at very high temperatures [20] [21] [22] , which can damage most plasmonic materials. Bulk noble metals used in plasmonics, such as Ag (961.8°C), Au (1064°C), and palladium (1555°C), have high melting temperature T M , but their nanostructures deform at far lower temperature than T M ; accordingly, their optical properties can change [23] . As an alternative, several refractory materials have been suggested for heat-tolerant perfect absorbers. Those refractory materials have high melting temperature and exhibit highly lossy dielectriclike properties. For instance, perfect absorbers based on tungsten or titanium nitride (TiN) [24] [25] [26] [27] have been demonstrated theoretically and experimentally. Tungsten and TiN have high T M ; this trait makes them heat tolerant but complicates the manufacture of devices based on them. Moreover, most of them are easily oxidized or chemically unstable. For example, TiN has T M of 2977°C, but at temperature above 800°C it readily oxidizes and loses its plasmonic properties [28] .
To overcome these limitations of refractory materials, protection layers have been proposed [29, 30] . Chemically [31] and thermally stable thin dielectric layers can be applied in plasmonics system, and this strategy opens a new way to render photonic devices chemically and thermally robust. Plasmonic systems coated with protection layers show stable optical characteristics under intense laser illumination and high-temperature annealing [29, 30] .
Here, we demonstrate a chromium (Cr)-based ultrathin, broadband, and heat-tolerant perfect absorber of visible light. Cr metal has high T M of 1907°C and is inexpensive and easy to fabricate using conventional semiconductor manufacturing processes. We use a 4-nm-thick alumina protection layer to increase the heat tolerance and then confirm its absorbing characteristics. The fabricated device had >95% average absorption of visible light (wavelengths 500 ≤ λ ≤ 800 nm) independent of polarization state; this trait was not affected when the device was annealed at 600°C. We also perform full-wave electromagnetic simulation to identify the light-absorbing mechanism.
Results and discussion

Cr metamaterial absorber design
The Cr metamaterial absorber ( Figure 1A ) is composed of a top layer of ring-shaped Cr nanostructures, an SiO 2 spacing layer, and a bottom perfectly reflecting Cr layer. The whole device thickness is 250 nm (top layer, 40 nm; middle layer, 60 nm; bottom layer, 150 nm) and is fabricated on a silicon substrate to assess the possibility of incorporating the device in a photonic chip or siliconbased electrical or photonic components. The total area of the device is 100 × 100 μm ( Figure 1B ). The symmetrical ring-shaped Cr nanostructure is designed to achieve polarization independence at normal incidence. Thus, under unpolarized light, Cr light absorbers can maintain their absorbing effectiveness. Cr can also be easily deposited and patterned using electron beam evaporation and electron beam lithography processes. Nanoimprint lithography or roll-to-roll imprinting methods could be used to fabricate the Cr absorbers over a much larger area.
The Cr absorber was simulated ( Figure 1C ) in the visible regime using the finite element method on a commercial software (COMSOL). The device showed 98.0% average absorption at 500 ≤ λ ≤ 800 nm and >99% absorption at 600 nm ≤ λ ≤ 710 nm. The refractive index of Cr was taken from the CRC Handbook of Chemistry and Physics [32] .
Fabricated devices were characterized using Fourier transform infrared (FT-IR) spectroscopy. In FT-IR, the sample is illuminated with unpolarized light at a normal incident angle ( Figure 1A ). The measurements confirmed that the fabricated device absorbed 95.6% of visible light at 500 ≤ λ ≤ 800 nm ( Figure 1C ). The slight discrepancy between simulated and measured spectra is a result of fabrication errors.
The absorption mechanism of the Cr ring absorber can be ascribed to a combination of plasmonic resonances and impedance matching with free space. The material properties of Cr match the impedance matching of free space at visible wavelengths and also have the plasmonic effect and thereby field localization [33] . Furthermore, the ring-shaped structure allows better impedance matching with free space compared to that of disk-shaped structure, so reflectance is weak and absorbance is strong over the broadband region. To understand the absorption mechanism analytically, we calculated the absorption contribution of each Cr layer (Figure 2A ). In each Cr layer, the total power dissipation density Q abs was calculated for the absorbed electromagnetic power as 2 2 abs 0 1 2
where σ is the electrical conductivity, ε 0 is permittivity of the vacuum, r ε′′ is the imaginary part of the relative permittivity of the material, ω is angular frequency, and |E | 2 is the amplitude of the total electric field within the material. The retrieved structural impedance has two peaks ( Figure 2B ), which cause the resonant peaks in Figure 2A . The impedance of the device was obtained assuming that the devices are homogenous using the S-parameter retrieval method [34] 
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To further explore the two resonances, we also analyzed normalized surface plots of electric and field distribution ( Figure 2C ) and normalized magnetic field ( Figure 2D ) at wavelengths λ 1 = 421 nm and λ 2 = 564 nm on the xy-and xz-planes. At λ 1 = 421 nm, magnetic field distribution clearly shows the magnetic dipolar resonance that occurs because of the coupling between the two Cr layers, in which antiparallel current density J d creates a loop and thereby an artificial magnetic dipole moment. At λ 2 = 564 nm, the electric field shows electric dipolar resonance at the top ring antenna. Therefore, our absorber excites electric and magnetic resonances at each corresponding wavelength to increase the localized electromagnetic field. We also determined whether the absorbance of the device was affected by light angular and polarization. Owing to the symmetrical geometry of the ring antenna, our device absorbs broadband light regardless of polarization at normal incidence ( Figure 3A and B). However, at incident angle θ I > 60°, absorption decreased significantly due to the weak confinement of electromagnetic field, especially under p-polarized light. This effect occurs because the resonant natures are very sensitive to the polarization and incident angle. Nevertheless, a broadband absorbance above 80% is maintained up to θ I = 40° for both polarizations; this result supports the possibility that our device will have practical applications.
Thermal stability of the device
To increase thermal and chemical stability, the fabricated Cr metamaterials were coated ( Figure 4A ) with 4-nmthick alumina layers that were deposited using atomic layer deposition to prevent the Cr from forming oxides or nitrides after reaction with gases in high-temperature air. Because atomic layer deposition enables almost 100% step coverage, the Cr absorbers that are covered by alumina will be completely sealed.
Using electromagnetic simulations, we checked the influence of alumina thickness on absorption characteristics. The simulation was conducted for alumina layers of 4, 10, and 15 nm. Results confirmed that the absorption characteristics of Cr absorber were maintained up to ~15 nm thickness of alumina ( Figure 4B ). Alumina thickness of 4 nm did not affect the absorption properties of the device ( Figure 4C) .
To be useful in high-temperature photonic applications, substances must not undergo chemical reactions (e.g. oxidation and nitridation) in the atmosphere that change their thermal resistance. To investigate the thermal stability of the device, we annealed it in vacuum in a furnace at 600°C for 4 h ( Figure 5A ). First, we checked the bare Cr absorber ( Figure 5B ), which is heated at 600°C for 4 h. During the annealing process, all of the structures deformed and expanded when they oxidized ( Figure 5E) ; consequently, the absorber loses its perfect absorption characteristics. However, the 4 nm coat of alumina increased the thermal stability of the absorber ( Figure 5C and D), and it retained its shape and absorption characteristics after 600°C annealing ( Figure 5F ). This alumina can prevent the oxidation and nitridation of Cr at high temperatures, so it retains its optical properties ( Figure 5G ).
Our proposed absorber has stable absorption characteristics after annealing at 600°C, but the ring structures actually start to deform at ~600°C. As the Cr ring structures expand during the heating process, the hole inside shrink, and the rings become disks a temperature above 600°C ( Figure S1 ). The simulation result ( Figure S2 ) confirms that as the hole inside decreases in size, the reflectivity increases and the absorption rate decreases. Therefore, Cr nanostructures can maintain a ring shape to a temperature slightly above 600°C (e.g. 650°C), but at higher temperatures the rings become disks, and the function of the absorber is completely lost. The use of a thicker alumina layer and the use of dielectric substrates such as sapphire or silicon nitride may increase the thermal stability.
Conclusion
We have proposed an ultra-thin, broadband, and heatresistant Cr metamaterial absorber that works under visible light with source incidence-angle tolerance of 40°. Ring-shaped structures ensure polarization independence, which is preferable in practical applications. Cr is compatible with fabrication using conventional semiconductor manufacturing processes. It also less expensive than noble metals such as Au and Ag. Under unpolarized light, the Cr absorber can exhibit 95.6% average absorption at 500 ≤ λ ≤ 800 nm. An alumina protection layer was used to perfectly encapsulate the device to prohibit oxidation and other chemical reactions with the atmosphere. The protected device retain its shape and absorption characteristics even after annealing at 600°C. This Cr metamaterial absorber may enable various high-temperature photonic applications such as STPV and energy harvesting.
Experimental section
Device fabrication
The Cr metamaterial absorbers were fabricated on silicon substrate. First, 150-nm-thick Cr thin film and 60-nm-thick silica layers were deposited by electron beam evaporation at a rate of 0.2 nm/s. Then, on the substrate, the polymethyl methacrylate layer was spin-coated and baked at 180°C for 5 min. A conductive polymer (Showa Denko, Tokyo, Japan, E-spacer 300Z) was spin coated on top of the photoresist layer to prevent charge buildup on the silica layer. Electron beam lithography (ELIONIX, Tokyo, Japan, ELS-7800, 80 kV, 50 pA) was used to scan and expose ring patterns on the photoresist. After exposure, the conductive polymer layer was removed by DI water; then, the exposed photoresist was developed using MIBK:IPA 1:3 solutions. Finally, a 40-nm-thick Cr layer was deposited by electron beam evaporation, and ring-shaped patterns were transferred onto the substrate.
Optical characterization
Optical measurements (absorption) were performed using FT-IR spectroscopy (Bruker, Billerica, MA, USA, VERTEX 70) with a microscope (Bruker, Billerica, MA, USA, HYPERION 2000) in reflection/transmission mode. Absorptions were calculated from measured reflectance and transmittance.
Supplementary material
The supplementary material is available online on the journal's website or from the author.
